Contamination of natural groundwater by arsenic (As) is a serious problem that appears in some areas of Northern Central Mexico (NCM). In this research, As was removed from NCM wells groundwater by the electrocoagulation (EC) technique. Laboratory-scale arsenic electroremoval experiments were carried out at continuous flow rates between 0.25 and 1.00 L min −1 using current densities of 5, 10, and 20 A m −2 . Experiments were performed under galvanostatic conditions during 5 min, at constant temperature and pH. The response surface methodology (RSM) was used for the optimization of the processing variables (flow rate and current density), response modeling, and predictions. The highest arsenic removal efficiency from underground water (99%) was achieved at low flow rates (0.25 L min −1 ) and high current densities (20 A m −2 ). The response models developed explained 93.7% variability for As removal efficiency.
Introduction
Although water constitutes an essential element for human life, paradoxically, it has been associated with a large number of deaths from chronic diseases. This is because in many communities around the world, particularly in rural areas, people consume it without any previous treatment even when it contains arsenic or heavy metals, such as, lead, chromium, and cadmium [1, 2] , as is classified by the World Health Organization (WHO) as a carcinogenic contaminant extremely aggressive for those who come into contact with it [3] .
In spite of the diversity of treatment techniques for Ascontaminated water, electrocoagulation technique has been used lately as a viable alternative to treat contaminated water [4, 5] . This electrochemical (EC) method consists of using an electric current to dissolve a sacrificial anode (usually iron or aluminum) in a contaminated aqueous medium with suspended, emulsified, or dissolved species. While generation of cations such as Fe 2+ or Al 3+ occurs as a result of the electrolysis effect, gases of H 2 and O 2 are also produced. Metal ions may react with OH − ions (produced at the cathode during the formation of H 2 gas), forming insoluble hydroxides which remove contaminants from contaminated water by complexes or flocs formed due to electrostatic attraction [6, 7] .
The electrocoagulation process is affected by different factors. Among the most important are the treatment time, solution pH, resistance of the aqueous solution, current density, interelectrode distance, water flow rate, and temperature [8] [9] [10] [11] [12] [13] . To date, a large variety of electrochemical reactor designs have been studied [14] ; however, there is no statistical analysis to evaluate systematically the simultaneous behavior of current density and volumetric flow rate in domestic reactors. This is of great importance to determine the influence of these processing parameters on the optimum 2 Journal of Chemistry treatment time needed to achieve a high As removal efficiency inside the EC reactor when treating real natural groundwater. Based on the foregoing, the main objective of the present investigation is to study systematically the effect of the processing variables, such as current density ( ) and feedwater flow rate ( ), on the total cell potential ( ), EC treatment time ( ), and energy consumption ( ) when processing natural groundwater extracted from Mexico's Laguna Region (also known as The Comarca Lagunera), located in Torreón, Coahuila, Mexico. The response surface methodology (RSM) was used in order to develop an empirical model and investigate the optimal behavior of the reactor.
The first step in this study is focused on the optimization of the processing parameters: current density applied to the electroremoval process and feedwater supplied to the reactor for its treatment. The only design specification is to determine the minimum treatment time (response variable) at which the level of arsenic may be low enough to comply with the current safe regulations for drinking water. In a second step, an analysis of energy consumption by the electrocoagulation process based on the processing parameters mentioned above is presented.
Experimental Methodology

Collection of Natural
Groundwater. Natural groundwater (GW) was collected from one of the wells with higher arsenic concentrations of The Comarca Lagunera. Samples were duly identified and taken to laboratory to be chemically analyzed for determining water quality. Table 1 shows the main characteristics of the collected water.
It is worth mentioning that well water sampling was carried out based on the Mexican Standard NMX-AA-008-SCFI-2011 [15] . This norm establishes a minimum volume of water to be treated of 500 mL, which must be deposited in flat-bottom container of low alkalinity glass (i.e., borosilicate glass). According to this Standard, pH of water may change rapidly as a result of chemical, physical, and biological processes and, therefore, water must be characterized without exceeding 6 h after the sample has been collected. It is noteworthy that pH of water reported in Table 1 was measured immediately after collecting the sample.
The total As concentration in collected samples and aliquots taken during and after the EC arsenic removal process was determined by inductively couple plasma (ICP) spectrometry in a Thermo-Jarrel-Iris Intrepid II XSP spectrometer. The total arsenic concentration was 133 g L −1 from which 7.90% resulted as As (III) and 92.10% as Ar (V). For high-accuracy quantification of residual arsenic in the filtered liquid samples, a standard solution of As from National Institute of Standards and Technology (NIST) was used for calibration of the IPC equipment [16] .
The chemical analysis of groundwater ( Table 1) gives evidence that the collected water also contains other ions like Si and SO 4 − as well as very low concentrations of Fe and Hg ions. Sulfate and mercury ions were quantified by ICP, while Si was determined by atomic absorption spectrometry (AAS) in a Thermo-Elemental AAS-Solar S4 spectrometer [17] .
The residual iron (Fe) content resulting from the anodic dissolution of the electrode and contained in the aliquots taken during and after the EC arsenic removal was also monitored by AAS. Before being analyzed, each sample was filtered with cellulose filter paper of 0.45 m pore size.
Implementation and Experimental Conditions Used for the EC Process.
Arsenic electroremoval experiments were performed in an electrochemical perfectly mixing reactor. Four electrodes, 15.24 cm long × 15.24 cm wide × 0.64 cm thick, with an effective contact area of 929.03 cm 2 were used for the reactor mounting. For this EC system, the interelectrode distance was 2 mm and the volume of water to be treated in the reactor was 1.68 L. The As-contaminated feedwater was fed to the reactor from the bottom, while the resulting treated water was drained out at the upper part of it. This is in order to not only increase the contact time between the contaminated water and working electrodes but also promote higher levels of flow turbulence.
A very important factor to consider in the electrocoagulation process is the mass transfer of the electrode material generated inside the reactor, since it allows the solution residence time to decrease and the removal efficiency to be increased with lower energy consumption [18] . To intensify the movement of the liquid, a continuous air flow was injected through the bottom of the reactor at rate of 1.6 L min −1 . Air injection was carried out using two bubble diffusers that were connected to an ELITE800 pump. In this way, bubbles of 2 mm diameter were distributed uniformly through interelectrode spaces producing a uniform distribution of electrode metallic species produced inside the electrochemical reactor.
During experiments in the perfectly mixing reactor, the liquid flow rate was varied at 0.25, 0.5, and 1.0 L min −1 using a Fisher-FH100C variable-speed peristaltic pump. In addition, the applied current densities were 5, 10, and 20 A m −2 . Arsenic removal was carried out under galvanostatic conditions (at constant current density) using a BK precision XLN3640-GL programmable power supply, while the cell total voltage was monitored with a Steren-MUL600 professional digital multimeter with PC interface.
Water samples to be analyzed for determination of residual As concentration were collected at the exit of the reactor after 0.08, 0.17, 0.25, 0.33, 0.5, 0.75, 1, 1.5, 2, 2.5, 3, 4, and 5 min.
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The response variables of electrolysis treatments were the treatment time ( ), energy consumption ( ), and electrode wear; the latter was expressed in terms of the amount of the electrode material dissolved during the EC process.
In situ measurements of pH were performed before and after the EC treatment. Changes in pH and conductivity were evaluated by using a STARA3295 multiparameter. In the sample analyzed right after being extracted, the obtained pH was 7.98 ± 0.15; this parameter varied slightly during the process being 7.99 and 8.35, prior and after the EC process, respectively.
In contrast, conductivity at 20 ∘ C did not show any variation neither before nor after the EC process resulting in 1548.52 S cm −1 . The addition of electrolytes, especially sodium, promotes low energy consumption. Due to this, 1 g L −1 sodium chloride (NaCl) was added to water to be treated prior to performing the EC experiments [6, 19] ; after adding this compound, conductivity increased up to 1931.62 S cm −1 .
Response Surface Analysis of the Variables , , and .
The potential drop ( ), the treatment time ( ) (needed to obtain the maximum permissible level of As in drinking water), and energy consumption ( ) depend on various factors, such as the solution conductivity, net current provided to the process, interelectrode distance, and contaminated feedwater flow rate [20] [21] [22] .
To analyze statistically the EC process, a factorial design that consists of two factors and three levels for each factor was used; it resulted in nine experimental treatments which allow estimation of the main effects and their interactions.
In order to avoid confusions regarding the effect of each factor and the introduction of bias into the evaluation of the treatment effects, experiments were carried out randomly [23] .
It was decided to use an experimental 3 k factorial design in order to obtain considerable experimental observations and prevent laborious experimental measurements as in the 4-level factorial design or in those with more than 4 levels.
It was required that the selected design contributed to explain the issue of curvature in the response function since it implies a parabolic approach, which differs from the 2 k factorial, and, for this reason, the latter was not considered to be a good choice [24, 25] . Furthermore, the 3 k factorial design is useful to investigate quadratic effects which are of interest in the present research [26] . It is worth mentioning that the interaction taken into account for the analysis of variance presented in this work was the one between and . Figure 1 shows the residual As concentration as a function of the EC treatment time, for electrolysis experiments performed at a feedwater flow of 0.25 L min −1 and current densities of 5, 10, and 20 A m −2 . It can be seen that As is most effectively removed at a higher current density supplied to the EC process. Nevertheless, for a given current density, the concentration of As decreases for current densities of 5, 10, and 20 A m −2 , respectively. The As concentration decreases continuously as a function of the processing time, reaching the maximum permissible level in drinking water (10 g L −1 ) after 2.84, 2.60, and 2.12 min when applying current densities of 5, 10, and 20 A m −2 , respectively. The fast As removal observed at the beginning of the EC process is attributed to the fact that ions of arsenic species are abundant when electrolysis starts. Furthermore, iron hydroxides generated by the anodic electrodissolution form time-dependent complexes which are dragged by action of the applied feedwater flow out of the reactor. This behavior is consistent with the previous recent works reported by Kumar et al. [10] and Vasudevan et al. [27] .
Results and Discussion
Kinetics of As Electroremoval.
It is observed in Figure 2 that when the natural feedwater flow is increased from 0.25 to 0.50 L min −1 , even though adsorption kinetics is very similar, the treatment time required to reach an As concentration of 10 g L −1 is slightly prolonged. For current densities of 5, 10, and 20 A m −2 , the treatment time needed to obtain the maximum permissible limit of As in drinking water is 2.96, 2.61, and 2.33 min, respectively.
This behavior is related to the fact that, by increasing the feedwater flow rate, the retention time of FeOOH species generated decreases resulting in an increase of the free As ions concentration in solution, due to the fact that Fe-As complexes will be formed at a lower rate. Figure 3 shows the variations of residual As concentrations as function of treatment time for electrocoagulation experiments carried out at a liquid flow rate of 1.00 L min increases significantly compared to that observed with flow rates of 0.25 and 0.50 L min −1 . These results show that the maximum permissible As concentration established by the World Health Organization (WHO) can be obtained using current densities of 5, 10, and 20 A m −2 and processing times of 5.00, 4.41, and 2.95 min, respectively. As the flow rate of water to reactor increases, the contact time between As and Fe species is reduced so the rate of complex formation decreases. Therefore, a longer time is needed to ensure that iron concentration and the formation of these complexes increases.
Total Cell Potential ( ) during the EC Process.
The total cell potential ( ) represents the sum of individual potential differences involved in the process, such as the thermodynamic potential ( ), anode overpotential ( ), cathode overpotential ( ), potential drop due to the electrolyte resistance ( ), and electrodes resistance ( ) [28] [29] [30] :
The variation of total potential measured in the electrolyzer as a function of treatment time is shown in Figure 4 , for electroremoval experiments performed at current densities of 5, 10, and 20 A m −2 using groundwater flow rates of 0.25, 0.50, and 1.00 L min −1 . As can be observed in this figure, the potential drop measured at the terminals of the reactor increases significantly, when the current density is increased and the flow rate is kept constant. Important to notice is that, for the two highest current densities of 10 and 20 A m −2 , the cell potential decreases during the first 30 s of treatment down to an approximately constant value. This behavior is observed independently of the flow rate used. However, when a current density of 5 A m −2 is used, the cell potential first increases during the first 60 s of treatment up to it reaches a stable potential.
The total potentials measured at the beginning of the process using a liquid flow rate of 0.25 L min (Figure 4(c) ). From these results, it can be concluded that the feedwater flow rate does not have a significant effect on the potential drop, which is in agreement with the results obtained by Gao et al. 2005 , who reported that, at low flow rates, the increase of the potential is mainly related to the amount of hydrogen gas generated, which in turn increases as the current density is increased [31] . at a low flow rate, this decision was made considering the higher concentration of the electrode material generated inside the reactor during the EC process, since the residence time is maximum. According to Figure 5 , the residual Fe concentration is inferior to the maximum permissible level established by the WHO (300 g L −1 ) [32] . As can be seen in this figure the Fe concentration increases as the current is increased. This behavior is attributed to the fact that generation of metal ions depends directly on the current density applied to the electrolysis. Thus, when higher current densities are used, the dosage of Fe 2+ ions to the process is higher.
Determination of Residual Fe Concentration in Water
Dosing of Fe during the As Electroremoval Process.
The amount of Fe released in the solution was calculated theoretically by Faraday's law (2), which is a relationship between the current density (A m −2 ) and the amount of Fe to be delivered ( , expressed in g) [33, 34] : Journal of Chemistry where represents the electrode effective area (m 2 ), is the EC treatment time (s) required to obtain an As concentration of 10 g L −1 , is the molar mass of the electrode material (55.84 g mol −1 ), is the valence of the dissolving metal ion ( = 2), and is the Faraday constant (96, 485 C mol −1 ). Energy consumption ( ) by the EC process was calculated from the total voltage drop in the reactor ( , V), applied current density ( , A), and treatment time ( , s), by the following equation:
The resulting and obtained as a function of the feedwater flow (0.25, 0.50, and 1.00 L min −1 ) and current densities (5, 10, and 20 A m −2 ) are summarized in Table 2 . The mean total potential drop ( ) was measured at each processing condition; it is also shown in this table. According to , when the current density and the natural water flow rate are varied from 5 to 20 A m −2 and from 0.25 to 1.00 L min −1 , respectively. From the experimental results obtained in this study it can be concluded that the flow rate has a significant effect on the response variables and .
Response Surface Analysis for the Working Conditions
Used in the EC Reactor. The purpose of using a statistical experimental design is to provide as much information as possible, reliable and obtained by performing the minimum number of treatments [35] . In this study, the most adequate parameters were selected: and each at three levels. Table 3 shows the real and staggered variables as well as the results obtained as a function of and for the conditions previously mentioned. Figure 6 , Pareto diagrams obtained through the electrolysis experimental conditions show the effects of the feedwater flow rate (0.25-1.00 L m −1 ) and current density (5-20 A m −2 ) on the response of , , and . The response variable is mainly influenced by the current density, while the effects of the flow rate and the interaction between and are practically negligible (Figure 6(a) ). For the treatment time ( Figure 6(b) ), both the current density and the flow rate contribute to achieving the permissible level of As in drinking water of 10 g L −1 as established by the WHO [32] . In addition, energy consumption ( ) is affected, in order of importance, by the current density ( ), by the flow rate, and to a lesser extent by the interaction between and .
Pareto Diagram (80-20 Curves). In
Main Effects Diagram.
The main effects diagrams for the response variables of the electrolysis experiments carried out in the EC reactor are shown in Figure 7 . It can be seen that the factor exhibits large variations being more influential in the behavior of . In contrast, variations of are much less significant and can be appreciated as a practically horizontal line. Apparently, at first instance, does not seem to influence the potential drop (Figure 7(a) ). These results let us conclude that the lowest current density (5 A m −2 ) is the optimum. On the other hand, As removal treatment time is influenced mainly by (Figure 7(b) ) and to a lesser extent by current density. The latter has also a significant effect on the EC treatment duration; as the current density increases, the processing time decreases. Additionally, it can be seen that the slope of is opposite to that of , which indicates an interaction between and with treatment time . These results lead to the conclusion that the optimum parameter lowest flow rate of 0.25 L min −1 . However, variations of observed from 0.25 to 0.50 L min −1 are not very significant; therefore, the effect caused by = 0.50 L min −1 on the behavior of would be very similar to that produced by = 0.25 L min −1 . As can be observed in Figure 7 (c), the current density ( ) exhibits large variations and it is the parameter that influences the response variable of energy consumption the most. In contrast, is less affected by the flow rate which only causes a slight increment when it is increased from 0.25 to 0.50 L min −1 .
Cross-Effects Diagrams.
From the cross-effects diagrams presented in Figure 8 it can be seen that , which did not seem to have a significant effect on the potential drop ( Figure 7(a) ), has an important effect being more significant when using 1 L min −1 (Figure 8(a) ). On the other hand, although Figures 8(b) and 8(c) show that there is no crossing of lines, they are not parallel which indicates a possible interaction as reported elsewhere [36] [37] [38] .
Response Surface Analysis (Surface-Contour Plot).
If there is an interaction effect, both variables cannot be interpreted separately. Then, the use of a statistical analysis of variance (ANOVA) as well as contour and surface plots is convenient to represent precisely the model [4, 39, 40] . Figures 9(a) and 9(b) present the contour plot of the fitted It is observed in Figure 9 (b) that the minimum potential drop is obtained at a feedwater flow rate of 1 L min −1 using a current density of 5 A m −2 . Furthermore, increases as the applied current density and the flow rate to the EC process are increased. From these two figures it can be also observed that at constant current density and variable flow rate, the change of is not so significant compared to that obtained at constant flow rate and increasing current density. Therefore, it can be confirmed that the applied current density is the factor that produces a greater effect on the behavior of the potential drop response variable.
The response variable was analyzed similarly by the response surface methodology in order to evaluate the simultaneous effect of and (Figures 9(c) and 9(d) ). The results obtained indicate that treatment time is mostly affected by feedwater flow rate, although the effect produced by the current density on is not negligible.
From the contour plot presented in Figure 9 (c), it can be concluded that the minimum treatment time ( = 150 s) required to achieve the permissible concentration of As in drinking water, 10 g L −1 , is obtained by using a current density of ∼7.03 A m −2 and a feedwater flow rate of 0.25 L min −1 . By the contrary, the longest treatment time consumed during the As electroremoval experiments is observed under the following conditions: = 1.00 L min −1 and = 5.00 A m −2 . Figures 9(e) and 9(f) show the contour plot and the threedimensional surface analysis for the response variable . In the former, it can be noticed that the value of the response is affected by both factors and ; however, the applied current density is the one that has a major influence on the change of . For constant and variable flow rate, the energy consumption increases slightly, but for constant volumetric flow rate and increasing current density, the response increases considerably.
Empirical Model (ANOVA) for the Response Variables
, , and . To ensure an appropriate regression model, an analysis of variance (ANOVA) was applied and used to the formulation of a mathematical model, which takes into account both the effects of the significant variables and their respective calculated coefficients. The resulting equation (4) was used to predict the potential drop by using surface analysis (Figure 9(b) ). It is worth mentioning that the experimental fit shows a certainty of 95.07% ( 2 = 0.9507), which gives evidence that the model adequately fits the data. The relationship between independent and response variables is expressed by the following polynomial equation: 
The results obtained by ANOVA for the response variables , , and are shown in Table 4 . It can be concluded from the analysis of variance for that the interaction between the feedwater flow rate and the current density is significant since (0.089) is higher than (0.05). In addition, factors and also affect significantly the potential drop since (0.001) is lower than 0.05, which indicates that these factors are significant to . The feedwater flow rate has a negative effect on ; therefore, the potential drop decreases as is increased. Table 4 shows the results obtained by ANOVA for the response surface (Figure 9(d) ). According to the results of this study, it is corroborated that there exists significance of the interaction -( > 0.05), and for the model (individual effects) the effect is significant due to the fact that the value of P is much lower ( = 0.001) than the fixed value of . Equation (5) represents the three-dimensional surface --presented in Figure 9 
The fact that 2 has not been close to 1 is attributed to the curvature presented in both the contour plot and the surface analysis as shown in Figures 9(c) and 9(d) , respectively. This indicates, at first instance, that the quadratic model should represent in a more accurate way the behavior of the response [41, 42] . According to the results of the analysis of variance enlisted in Table 4 for , it is confirmed that the individual effects of and ( < ) are more significant than those produced by their interaction ( < 0.05). Nevertheless, these effects must be included in the mathematical model used to estimate the energy consumption by the EC process. Equation (6) presents the mathematical model described above, which has been obtained from the analysis of variance reported in Table 4 . From the coefficient of determination, the fit to experimental data results in a 98.71% confidence level, which lets us confirm that such equation describes adequately the three-dimensional surface plot (Figure 9 
Conclusions
The treatment time ( ) needed to reach the maximum permissible level of As (10 g L −1 ) in experiments carried out in the perfectly mixing reactor is directly proportional to the flow rate used; this is related to the fact that the contact time between As and Fe species either increases or decreases as the feedwater flow rate is decreased or increased, respectively. The potential drop ( ) measured at the terminals of the reactor for the experiments performed in the electrolyzer decreases slightly as the volumetric flow rate is increased. In contrast, it increases with higher current density and constant flow rate. Pareto diagrams of effects obtained from the results of the electrolysis experiments give evidence that the response of , , and is affected mainly by individual factors and . However, even though the interaction -has a small effect on the responses of the EC treatment, the latter cannot be arbitrarily excluded from the statistical analysis.
From the main effects diagrams of processing responses of electrolysis experiments performed in the reactor, it is observed that the lowest current density (5 A m −2 ) results in the lowest potential drop and energy consumption. On the other hand, it is confirmed that there exists a significant effect of the interaction -on the treatment time .
The cross-effects diagrams show that, for and , the interaction -cannot be neglected. To support this fact, both statistical (ANOVA) and response surface analyses were performed.
According to the regression model obtained to predict the value of the response variables, the resulting polynomial equations are = 2.75 − 0.96 + 0.07 + 0.08 , = 105.90 + 226.80 + 0.06 − 7.85 , and = −4.31 + 7.43 + 8.37 + 7.19 . The coefficient of determination 2 corresponding to the models obtained for , , and is 0.9507, 0.9376, and 0.9871, respectively.
Results obtained by ANOVA for the response variables show that, in the case of , the effect caused by the interaction between and is significant considering that = 0.089 is higher than = 0.05. For the response variable there exists statistical significance in both the interaction -( > 0.05) and the model (individual effects) since is much lower ( = 0.001) than the fixed value of . While the individual effects of and ( < ) are significant in the behavior of , the effects caused by their interaction are not so significant ( < 0.05).
From the contour plot for , it can be concluded that the minimum treatment time ( = 150 s) required to reach an As concentration of 10 g L −1 can be achieved by using a current density of ∼7.03 A m −2 and a feedwater flow rate of 0.25 L min −1 .
